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Abstract
Background: Colorectal cancer (CRC) is one of the most common causes of cancer-related
deaths in the Western world, and despite the fact that metastases are usually the ultimate cause of
deaths, the knowledge of the genetics of advanced stages of this disease is limited. In order to
identify potential genetic abnormalities underlying the development of local and distant metastases
in CRC patients, we have, by comparative genomic hybridization, compared the DNA copy number
profiles of 10 primary carcinomas, 14 local recurrences, 7 peritoneal carcinomatoses, and 42 liver
metastases from 61 CRC patients.
Results: The median number of aberrations among the primary carcinomas, local recurrences,
carcinomatoses, and liver metastases was 10, 6, 13, and 14, respectively. Several genetic imbalances,
such as gains of 7, 8q, 13q, and 20, and losses of 4q, 8p, 17p, and 18, were common in all groups.
In contrast, gains of 5p and 12p were more common in the carcinomatoses than in other stages of
the disease. With hierarchical cluster analysis, liver metastases could be divided into two main
subgroups according to clusters of chromosome changes.
Conclusions: Each stage of CRC progression is characterized by a particular genetic profile, and
both carcinomatoses and liver metastases are more genetically complex than local recurrences and
primary carcinomas. This is the first genome profiling of local recurrences and carcinomatoses, and
gains of 5p and 12p seem to be particularly important for the spread of the CRC cells within the
peritoneal cavity.
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More than a decade ago, a genetic model for the ade-
noma–carcinoma sequence in the large bowel was pre-
sented by Fearon and Vogelstein [1]. It is now widely
accepted that colorectal cancer (CRC) arises through the
accumulation of genetic and epigenetic changes [2]. The
order as well as the number of events are important in the
process that transform normal cells into neoplastic pre-
cursors and subsequently into malignant tumors, which
may further metastasize [3]. Inactivation of tumorsupres-
sor genes, APC and TP53, as well as components of mis-
match repair system, is commonly found in colorectal
tumors. A recent study suggest alternative molecular path-
ways for colorectal carcinomas based on the observation
that APC, KRAS2, and TP53 are all frequently mutated but
rarely in the same tumor [4]. Twelve to fifteen percent of
all primary colorectal carcinomas display microsatellite
instability [5-8], a result of defect mismatch repair [9]. The
majority of colorectal carcinomas, however, harbor
numerous aberrations at the chromosome level, and chro-
mosomal instability seems to be pronounced in these
tumors [2]. This type of instability may be caused by var-
ying mechanisms, including telomer dysfunction, defect
DNA double-strand break repair and disturbances during
chromosome segregation [10].
The genomes of hundreds of primary colorectal carcino-
mas have now been studied by conventional chromo-
somal banding technique as well as by comparative
genomic hybridization (CGH) [11-28]. These studies
have revealed a nonrandom pattern of genomic abnor-
malities in primary carcinomas, including frequent gain
of material from chromosomes and chromosome arms 7,
8q, 13, and 20, and losses from 4, 8p, 14, 17p, and 18q.
However, in spite of the fact that metastases are usually
the ultimate cause of death in CRC patients [29], the
cytogenetic changes that characterize and presumably
drive the advanced stages of this disease have been poorly
described [reviewed in [25,30]]. We have recently ana-
lyzed 17 CRC liver metastases, combining chromosome
banding with CGH, and found that the former technique,
in contrast to CGH profiles, did not always detect the
cytogenetically abnormal clones [30]. The use of CGH
have provided profiles of various series of liver metastases
[reviewed in [30]]. To our knowledge the genome aberra-
tions in local recurrences and peritoneal carcinomatoses
from CRC patient have not previously been described. In
order to identify genetic changes underlying the develop-
ment of local and distant metastases, we have compared
the genomes of primary CRC with those of local recur-
rences, peritoneal carcinomatoses, and liver metastases
using a molecular cytogenetic approach.
Results
The complete CGH profiles are presented in the supple-
mentary Table 1 (additional data file 1). All tumors,
except one primary carcinoma, three local recurrences and
one liver metastasis, exhibited DNA copy number
changes, and the overall copy number profiles for each
tumor stage are illustrated in Fig. 1. The number of imbal-
ances per case ranged from 0 to 28 (median, 11).
Although all chromosomes were involved, the distribu-
tion of the imbalances was clearly nonrandom. The most
common copy number changes, found in more than 20%
of each tumor group, were gains of 7, 8q, 13q, and 20, and
losses of 4q, 8p, 17p, and 18, but however, frequency var-
iations were observed among primary tumors, local recur-
rences, and liver metastases (Fig. 1). Twenty tumors
showed amplifications (Table 1, supplementary data,
additional data file 1) in one to nine discrete regions:
chromosome arms 13q (ten cases), 20q (nine cases), 8q
(eight cases), 20p (six cases), 5p (one case), and chromo-
some X (two cases) and 7 (one case). The frequency of
amplification did not differ significantly among the differ-
ent tumor groups.
The number of imbalances per case for primary carcino-
mas, local recurrences, carcinomatoses, and liver metas-
tases ranged from 0 to 16 (median, 10), 0 to 17 (median,
6), 1 to 20 (median, 13), and 0 to 28 (median, 14),
respectively. Increased copy numbers of chromosome
arms 5p and 12p were significantly more frequent in the
carcinomatoses than in the other lesions, except the asso-
ciation for 5p between carcinomatoses and primary carci-
nomas (Table 1).
A hierarchical cluster analysis was performed for the
colorectal tumors based on the gains and losses from all
chromosome arms (Fig. 2). No chromosome changes
seemed to be tumor-stage specific. Furthermore, a sepa-
rate cluster analysis for the 37 liver metastases is
illustrated in Fig. 3. The majority of the liver metastases
harbored changes at 7, 8p, 13q, 17p, 18, and 20 (pink
tree). The top dendogram indicates that the liver
metastases can be subdivided into two main groups (red
and brown trees) according to the chromosome changes,
one of these subgroup is characterized by additional
changes at 4q, 5q, 6p, 8q, 16 (blue tree).
In four of the five patients from whom both primary car-
cinomas and liver metastases were analyzed, the liver
metastases had more aberrations than the corresponding
primary carcinomas (Table 1, supplementary data, addi-
tional data file 1). Gains of 8q (four cases) and 20q (three
cases), and losses of 8p (three cases) and 18q (three cases)
were seen in both the primary carcinomas and metastatic
samples, whereas gain of 7p and loss of 15q were morePage 2 of 9
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carcinomas (7p: in 5 metastases versus 2 primary carcino-
mas; 15q: in 4 metastases versus 1 primary carcinoma).
Discussion
The present study is the first CGH study of peritoneal car-
cinomatoses and local recurrences from CRC patients and
includes one of the largest series of liver metastases ana-
lyzed. Our data provide clues to the understanding of the
Graphic comparison of the overall genomic gains (A) and losses (B) detected by CGH in different CRC stagesFigure 1
Graphic comparison of the overall genomic gains (A) and losses (B) detected by CGH in different CRC stages. 
For each case, the presence or absence of imbalance in every chromosome band (from 1p36 to Xq28) was computed in a 
spreadsheet. The total number of imbalances detected in every band was then used to prepare the graphic comparison. All 
chromosome arms were involved in imbalances. (A) Loss of 18q was one of the most frequent aberrations seen in all groups. 
In addition to 18q loss, primary carcinomas and liver metastases often showed loss of 8p. Additionally, liver metastases and car-
cinomatoses frequently harbored loss of 4q. (B) Gain of 8q and 20q were common in all tumor types. In addition, carcinoma-
toses often contained gains of 5p, 7p, 9q, 12, and 13q, whereas liver metastases often showed gains of 7p, and 13q. * Multiple 
samples from a single tumor (case no. 53R1 and 53R2; 64C1 and 64C2; 21L1 and 21L2; 42L1 and 42L2; 52L1 and 52L2; 76L1, 
76L2, and 76L3) were counted as one sample.Page 3 of 9
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rences are re-growth of tumor cells at the site of the pri-
mary carcinomas. We found that the median number of
alterations in these tumors was lower than in the primary
carcinomas. In a heterogeneous primary tumor, regrowth
to a local recurrency might originate from genetically less
complex cells in the primary tumor. This observation
should be interpreted with caution since the analyzed pri-
mary carcinomas and local recurrences were not from the
same patients, and in fact the ranges of aberrations were
large for both tumor groups.
Peritoneal carcinomatosis reflects the regional spread of
cancer cells within the peritoneal cavity. Although carci-
nomatosis is not always associated with widespread vis-
ceral or extra-peritoneal disease, it almost always reflects
an incurable disease [31,32]. The present comparisons of
the distribution and frequency of specific chromosomal
imbalances among the different tumor stages revealed sig-
nificant differences between carcinomatoses and each of
the other stages of the disease regarding gains at 5p and
12p (Table 1). The frequencies of 5p gains were not signif-
icantly different between primary carcinomas and carci-
nomatoses (Table 1), is best explained by small sample
sets. However, these chromosome aberrations are indeed
quite rare in primary colorectal carcinomas as evaluated
from previous studies, and among 670 cases the average
frequencies for 5p and 12p gains were less than 10% each
[11-23,28,33-40]. Summarized, the present study and the
previous data, lead us to speculate that genes located at
these chromosome arms are involved in development of
peritoneal carcinomatoses. Although gain of 5p12-p14
was confirmed in both samples from the same patient
(Fig. 4), a smallest region of overlapping gain can not
determined from one case only.
Our findings agree well with previous CGH studies of pri-
mary colorectal carcinomas and liver metastases, as the
type and the frequency of copy number changes are
comparable [11-23,28,30,33-42]. The increasing number
of aberrations found in distant metastases compared to
primary carcinomas is also in line with a previous allelo-
type study in which we found a higher fractional allelic
imbalance in liver metastases than in primary carcinomas
and local recurrences [43].
Some observation from the results obtained from the five
primary carcinomas and their corresponding liver metas-
tases are worth mentioning. Gain of 7p and loss of 15q
were more frequent in the latter, and interestingly the
three primary carcinomas that each showed one of these
aberrations had synchronous liver metastases. When the
present cases and those of previous reports were com-
bined [11-23,28,41,42], statistical significant frequency
differences between these two stages were found (7p: 216/
670 versus 74/147, P < 0.001; 15q: 114/670 versus 39/147,
P < 0.001), indicating that 7p gains and 15q losses may be
involved in the development of distant metastases.
Losses involving chromosomes 17 and 18 were seen in 19
(31%) and 42 (69%), respectively, of the cases in the
present study. These changes have been suggested to be
late and important events in the adenoma-carcinoma
sequence [1], as they have been shown to be more fre-
quent in carcinomas than in adenomas [24,44,45]. Dele-
tions of 17p and 18q usually reflect inactivation of TP53
[1], DCC [46], MADH2, and MADH4 [46,47]. Changes at
chromosome 8, usually loss of 8p and gain of 8q, are
important late events in colorectal carcinogenesis, and
occur more often in carcinomas and metastases than in
adenomas [15,24,44]. Deletions of 8p, 17p, and 18q and
inactivation of their potential target genes are associated
with short survival [48,49], again supporting their impor-
tant role in the disease progression.
The present study showed that gains of 13q and 20q are
also frequent in the late stages of CRC (73% and 89%,
respectively). Increased copy number of chromosome arm
13q, often reflecting trisomy of chromosome 13, is also
found as the sole aberration in colorectal adenomas [25],
suggesting this to be an early event in colorectal tumori-
genesis. Gain of 20q is an aberration frequently seen in
carcinomas and less commonly in adenomas [15]. In an
assessment of the clonal composition of colorectal
Table 1: Imbalances of 5p and 12p in the different stages of CRC.
Chromosome arms 5p 12p
Tumor types Gain/Total Pa Gain/Total Pa
Carcinomatoses 4/6b 4/6b
Primary carcinomas 3/10 0.302 1/10 0.036
Recurrences 1/13bb 0.017 1/13b 0.017
Liver metastases 5/37b 0.012 6/37b 0.020
a Comparison between carcinomatoses and the other stages of the CRC were performed using two-sided Fisher exact test. b Multiple samples from 
the same tumor were counted as one sample.Page 4 of 9
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Hierarchical clustering of tumors from different stages of colorectal cancer. The hierarchical clustering is based on 
chromosome aberrations of all chromosome arms. Chromosome arms 13p, 14p, 15p, 21p, 22p, and chromosome Y, due to 
high content of heterochromatin, were excluded from the cluster analysis. The chromosome arms are given in the right dendo-
gram (gains in green and losses in blue). Each tumor sample is depicted and coded (white – primary carcinomas; yellow – local 
recurrence; green – peritoneal carcinomatoses; red – liver metastases) at the top of the dendogram. Each row represents the 
alterations from a separate chromosome arm over all tumor samples, and each column represents all changes in each tumor.Page 5 of 9
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we found that 7, 13, and 20 were present with >2 signals
in at least 1/3 of the adenomas [50]. This and the present
results reveal a major cluster of changes in all advanced
stages (containing gains of 7, 13q, 20q, and losses of 8p,
17p and 18q), one may therefore speculate that gains of 7,
13q, and 20q precede the losses of 8p, 17p, 18q, and all
aberrations seem to be, in most cases, part of the clone
within the primary tumor with the ability to metastasize,
locally and peripheral.
Conclusions
A number of genetic imbalances common to all tumor
groups were demonstrated, as well as consistent genetic
differences among the different stages. Whereas local
recurrences were genetically less complex than primary
colorectal carcinomas, liver metastases and peritoneal
carcinomatoses usually have more DNA copy number
changes than the lesions from which they originated.
Gains of 5p and 12p seem to be particularly important for
the spread of CRC cells within the peritoneal cavity.
Hierarchical clustering of liver metastases from colorectal cance  patientsFigure 3
Hierarchical clustering of liver metastases from 
colorectal cancer patients. The hierarchical clustering is 
based on chromosome aberrations of all chromosome arms. 
Chromosome arms 13p, 14p, 15p, 21p, 22p, and chromo-
some Y, due to high content of heterochromatin, were 
excluded from the cluster analysis. The chromosome arms 
are given in the right dendogram (gains in green and losses in 
blue). Each tumor sample is depicted at the top of the dendo-
gram. Each row represents alterations from a separate chro-
mosome arm over all tumor samples, and each column 
represents all changes in each tumor.
Gains of 5p and 12p in carcinomatosesFigure 4
Gains of 5p and 12p in carcinomatoses. Gains of 5p 
(samples 17C, 64C1, and 64C2) and 12p (samples 36C, 
64C1, and 62C2) were clearly detected by CGH. The central 
line (red) in the CGH profile shows the average fluorescence 
ratio along the chromosome, and the flanking curves (brown) 
represent the 95% confidence interval. The red and the 
green lines represent the cut-off values, 0.83 and 1.17, 
respectively.Page 6 of 9
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Patients and tumor samples
Ten primary carcinomas, 14 local recurrences, 7 perito-
neal carcinomatoses, and 42 liver metastases from 61 CRC
patients admitted to the Norwegian Radium Hospital
(Oslo, Norway) and to the Lund University Hospital
(Lund, Sweden), were included in the present study. Both
primary carcinomas and liver metastases were obtained
from each of five patients. Among these, three (76, 93,
136) occurred synchronously and two (3, 112)
metachronously.
From each frozen tumor sample, a five µm section was
stained with hematoxylin and eosin and evaluated by a
pathologist (J. M. N.). The tumor area was identified, and
dissected to enrich the fraction of tumor cells before DNA
extraction, which was performed using standard phenol
and chloroform extraction followed by ethanol precipita-
tion [51] (nucleic acid extractor, Model 340A, Applied
Biosystems, Foster City, CA).
CGH analysis
The CGH method initially described by Kallioniemi et al.
[52] was used with modifications previously described by
Kraggerud et al. [53]. Briefly, test (tumor) and reference
(peripheral blood lymphocytes from 4 healthy females or
4 healthy males) DNA were labeled in nick-translation
reactions with a mixture of two fluorochrome-conjugated
nucleotides (FITC-12-dCTP and FITC-12-dUTP for tumor
DNA, and Texas Red-6-dCTP and Texas Red-6-dUTP for
reference DNA, New England Nuclear, Boston, MA). The
same amounts of labeled tumor and reference DNA (1 µg
each) were mixed with 20 µg of unlabeled Cot-1 DNA
(Life Technologies, Rockville, MD), ethanol-precipitated,
dried, and dissolved in hybridization buffer (Vysis,
Downers Grove, IL). Normal metaphase cells were
obtained from lymphocyte culture from healthy donors.
After denaturing, the DNA was hybridized to normal,
denatured metaphase spreads and incubated in a humid-
ified chamber for 2–3 days at 37°C. Finally, the slides
were washed and mounted in an antifade solution with
DAPI (Vector Laboratories, Burlingame, CA). Good-qual-
ity metaphase spreads were selected. Three images – FITC
(green) and Texas Red (red) hybridization signals and
DAPI counterstain – were sequentially captured with a
Cohu 4900 CCD (12 bits gray scale) camera, using an
automated filter wheel coupled to a Zeiss Axioplan
fluorescence microscope (Zeiss, Oberkochen, Germany),
and a CytoVision system (Applied Imaging, Newcastle,
UK). Chromosomes were identified based on their
inverted DAPI banding, and fluorescence ratio profiles
(green to red fluorescence) were calculated for each chro-
mosome using data from at least eight representative cop-
ies of each chromosome (range 8 – 22). Average ratio
profiles with 95% confidence intervals were generated for
each tumor. The Y chromosome was not evaluated. Due to
the high quality DNA extracted from frozen tissue, the
threshold values 1.17 and 0.83 were used to score gain
and loss of DNA sequences, respectively. This threshold
allows the detection of one chromosome copy number
change present in at least 50% of the cells in a sample
from a triploid tumor. Amplification was defined as a
ratio equal to or above 2.0, corresponding to the detection
of at least 6 and 9 chromosomes in 50% of the cells in a
diploid and triploid tumor, respectively. All scorings were
performed independently by two of the authors (C. B. D.
and R. A. L.) with few interobserver differences; these were
resolved after joint reevaluation. A negative (normal ver-
sus normal) and a positive (the colon cell line LoVo with
known copy number changes) control was included in
every set of experiments. The description of the CGH copy
number changes followed the guidelines suggested in the
International System for Human Cytogenetic Nomencla-
ture [54]. In order to distinguish between a CGH profile
that was abnormal throughout the chromosome from one
that returns to normal within the terminal band, we used
"ter" in the former and the respective band number in the
latter when writing the copy number changes. CGH pro-
files for 17 of the liver metastases have previously been
published [30].
Statistical analyzes
For hierarchical clustering the average-linkage method
was used with Pearson's correlation similarity measure.
The cluster analyses and the drawing of the dendogram
were performed with J-Express Pro [55]. For comparisons
of different groups, the two-sided Fisher exact test was
used, and all the statistical analyzes were performed with
the SPSS© software (SPSS, Chicago, IL).
Abbreviations
CGH, comparative genomic hybridization; CRC, colorec-
tal cancer.
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